A B S T R A C T The basis for skeletal muscle dysfunction in phosphate-deficient patients and animals is not known, but it is hypothesized that intracellular phosphate deficiency leads to a defect in ATP synthesis. To test this hypothesis, changes in muscle function and nucleotide metabolism were studied in an animal model of hypophosphatemia. Mice were made hypophosphatemic through restriction of dietary phosphate intake. Gastrocnemius function was assessed in situ by recording isometric tension developed after stimulation of the nerve innervating this muscle. Changes in purine nucleotide, nucleoside, and base content of the muscle were quantitated at several time points during stimulation and recovery.
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Serum concentration and skeletal muscle content of phosphorous are reduced by 55 and 45%, respectively, in the dietary restricted animals. The gastrocnemius muscle of the phosphate-deficient mice fatigues more rapidly compared with control mice. ATP and creatine phosphate content fall to a comparable extent during fatigue in the muscle from both groups of animals; AMP, inosine, and hypoxanthine (indices of ATP catabolism) appear in higher concentration in the muscle of phosphate-deficient animals. Since total ATP use in contracting muscle is closely linked to total developed tension, we conclude that the comparable drop in ATP content in association with a more rapid loss of tension is best explained by a slower rate of ATP synthesis in the muscle of phosphate-deficient animals. During the period of recovery after muscle stimulation, ATP use Dr. Hettleman was a fellow in the Division of Cardiology with Duke University's Preventive Approach to Cardiology (DUPAC) program while carrying out these studies. Address reprint requests to Dr. Swain. Received for publication 4 March 1982 and in revised form 25 April 1983. for contraction is minimal, since the muscle is at rest. In the recovery period, ATP content returns to resting levels more slowly in the phosphate-deficient than in the control animals. In association with the slower rate of ATP repletion, the precursors inosine monophosphate and AMP remain elevated for a longer period of time in the muscle of phosphate-deficient animals. The slower rate of ATP repletion correlates with delayed return of normal muscle contractility in the phosphate-deficient mice. These studies suggest that the slower rate of repletion of the ATP pool may be the consequence of a slower rate of ATP synthesis and this is in part responsible for the delayed recovery of normal muscle contractility.
INTRODUCTION
Hypophosphatemia and intracellular deficiency of inorganic phosphate result in dysfunction of a wide range of organ systems in man and experimental animals. Erythrocyte hemolysis (1-3), derangements in the mechanical and phagocytic properties of leukocytes (1, 4), decreased survival and abnormal function of platelets (1, 5) , central nervous system abnormalities compatible with metabolic encephalopathy (1, 6, 7) , abnormalities in renal function (1, 8) , and cardiac (1, (9) (10) (11) 13) , and skeletal myopathy (1, (12) (13) (14) (15) (16) (17) have been described in patients or animals with phosphate deficiency.
A number of hypotheses have been offered to explain the cellular dysfunction resulting from phosphate deficiency. The mechanisms proposed include shifts in the hemoglobin-02 dissociation curve leading to tissue hypoxia (6, 18, 19) , inhibition of glycolysis and glycogenolysis (3, 6, 20) , impaired calcium metabolism (8, 10, 17) , alterations in phospholipid content of cellular membranes (17) , diminished intracellular ATP stores secondary to a defect in ATP synthesis (1, 8, 11-13, 16-18, 21, 22) , and disruption of energy transport from the mitochondria to the myofibril via the creatine phosphate (CP)' shuttle (11, 13) . The latter two mechanisms, i.e., a defect in ATP synthesis and a defect in energy utilization, may be of particular relevance in explaining the muscle dysfunction observed in phosphate deficiency, since both energy production in the form of ATP synthesis in the mitochondria and energy use in the form of CP transfer to ADP at the myofibril increase manyfold during vigorous muscle contraction (23, 24) .
The studies cited above document that phosphate deficiency produces cellular dysfunction in a wide range of organ systems, and various mechanisms have been implicated in the production of these abnormalities. The present study was designed to examine one organ system (i.e., skeletal muscle) and to test the hypothesis that mild-to-moderate phosphate deficiency is associated with a demonstrable defect in muscle function, as well as a defect in ATP synthesis. Quantitative determination of muscle function was made in control and hypophosphatemic mice by measuring developed tension in the gastrocnemius muscle of the animals in situ during tetanic stimulation leading to fatigue and during recovery. Biochemical parameters of energy metabolism were assessed in these same animals by quantitating muscle content of ATP and CP, as well as the products of ATP catabolism (25) (26) (27) . Since ATP use in muscle is proportional to the amount of tension generated (28, 29) , the physiological and biochemical parameters taken together provide an index of the relative rates of ATP production and utilization by the gastrocnemius muscle during stimulation and recovery. Results of these studies indicate that in phosphate-deficient animals both the ability of the muscle to generate tension during stimulation and the rate of recovery of muscle function following the production of fatigue are abnormal. These derangements are temporally related to a decrease in the rate of ATP production by phosphate-deficient skeletal muscle.
METHODS
Animal model. 36 8-10-wk-old C57BL6J mice were fed a diet containing 0.09% inorganic phosphorous for 4 wk while 37 age-matched controls were fed a diet containing 0.6% phosphorous. All animals had free access to food and water and were housed in a temperature controlled room (20-21°C) with a 12-h light/dark cycle. Animals were anesthetized with pentobarbital (65 mg/kg i.p.) and the left gastrocnemius muscle (mixed fast-twitch) was carefully dissected free of surrounding tissues with its nerve and blood ' Abbreviations used in this paper: CP, creatine phosphate; SDH, succinate dehydrogenase. supply intact. The soleus, plantaris, and rectus femoris muscles were dissected free of the gastrocnemius and removed from the preparation. The leg was secured with a steel pin through the femur and a screw clamp over the hind paw, and the limb was immersed in a 37°C mineral oil bath. After the distal tendon was attached to a Grass FT.03 force transducer with a stainless steel rod (Grass Instrument Co., Quincy, MA), muscle length was adjusted to provide maximal isometric tension. The transected sciatic nerve was repetitively stimulated in situ with trains of tetanizing supramaximal pulses (8 V, 0.5 ms, 125 Hz) lasting 150 ms at a rate of 2 trains/s with a platinum bipolar electrode and a Grass S88 stimulator and SIU 4678 isolation unit. Stimulation was continued for a total of 3 min. Direct muscle stimulation verified the presence of muscle fatigue. The gastrocnemius muscle was frozen in situ with precooled metal tongs immediately after stimulation, or allowed to recover for 2, 5, or 20 min before being frozen and removed. The frozen muscle was first trimmed of any tissue not compressed between the precooled tongs and then stored in liquid nitrogen until it was extracted. Recovery of tetanic tension was assessed by applying the previously described trains of stimuli for 2 s (4 trains) at specific times during the recovery period (0.5, 1, 2, 3, 5, 10, 15, and 20 min). Recovery of function was measured in all animals up to, but not including, the time of biopsy. Resting metabolite content was determined by preparing animals as described and placing them in the oil bath. The muscle remained in the oil bath for 23 min, during which time it was not stimulated. The unstimulated gastrocnemius muscle was then freeze-clamped in situ and removed for analysis.
Analysis of muscle samples. The skeletal muscle (-40 mg) was added directly to a glass tissue grinder containing 0.4 ml of cold (4°C) 12% trichloroacetic acid. Extraction was performed at 4°C for 30 min with periodic grinding of the muscle until a homogeneous slurry was produced. After centrifugation at 4°C for 2 min at 5,000 g, the supernate was mixed for 1 min at room temperature with 0.8 ml of 0.5 M tri-N-octylamine in freon to remove the acid. After mixing for 1 min, the aqueous and freon-amine layers were separated by centrifugation at 2,000 g for 2 min at 4°C, and the aqueous layer removed for analysis. Nucleotide ( (Table I) . Muscle SDH-activity, an index of oxidative capacity of the muscle (36) (37) (38) , is not different in the two groups. This indicates that the fast-twitch oxidative vs. glycolytic fiber composition of the gastrocnemius muscle is not altered as a result of the phosphatedeficient diet. Although absolute peak tetanic tension is lower in the phosphate-deficient group compared with the control group, there is no significant difference between the two groups when peak tension is normalized for muscle mass (Table I ).
Muscle function. Fig. 1 A depicts the decline in tetanic tension during 3 min of sciatic nerve stimulation in the control and phosphate-deficient groups. The decline in developed tension is significantly more rapid in the phosphate-deficient animals compared with the control group. The decline in tension to 8% of initial values within the first 30 s of stimulation is characteristic of the fatigue response reported by others for fast-twitch muscle subjected to vigorous stimulation (25, 26) . By 30 s, tetanic tension falls to near minimum values in both groups, and the difference between groups is no longer significant (P = 0.07). During the second and third minutes of stimulation, very little additional loss of tetanic tension occurs.
With termination of the fatiguing stimulus, tetanic tension recovers in a biphasic pattern in both groups of animals (Fig. 1 B) . Previous studies in rats have also shown a biphasic return of tetanic tension (25, 26) . A rapid period of recovery of tetanic tension is noted within the first 2 min after cessation of the fatiguing stimulus. There is a significantly greater return of function during the first 2 min of recovery in the control group (66±4% of initial tension) compared with the phosphate-deficient group (46±3% of initial tension, P = 0.003). The difference in tetanic tension between the phosphate-deficient and control groups is statistically significant by 30 s of recovery (P = 0.02) and persists throughout the remainder of the study. The period of rapid recovery is followed by a more gradual increase in tetanic tension in both groups. By 20 min, the control group has recovered to 89±5% of initial tetanic tension, whereas the phosphate-deficient group has recovered to only 60±7% of the initial value (P = 0.003).
Changes in purine nucleotide content. Changes in ATP and IMP content of gastrocnemius muscle from the control and phosphate-deficient groups during fatigue and recovery are shown in Fig. 2 ,umol/g (P = 0.001 compared with resting) in the phosphate-deficient group.
During the period of recovery from fatigue, ATP content of the muscle in control animals increases rapidly and is restored to resting levels between 2 and 5 min of recovery (43±2 ,umol/g, P = 0.30). In contrast, in the phosphate-deficient mice, ATP content remains depressed (32±2 zmol/g, P = 0.002) during the first 5 min of recovery. After 20 min of recovery, however, ATP content is not significantly different from resting levels in the phosphate-deficient group (38±3 umol/ g, P = 0.14). Thus, ATP repletion occurred between 5 and 20 min of recovery in the phosphate-deficient animals. The exact time cannot be determined from the time-points chosen in this study. At all time-points sampled during recovery, the ATP content of gastrocnemius muscle from control animals is higher than that of the phosphate-deficient animals, with statistical significance attained at the 5-min time-point (P = 0.006).
The response of the IMP pool during recovery is also different in the two groups. In the control group, IMP decreases rapidly during recovery, with a statistically significant drop occurring in the first 5 min (P = 0.01). In contrast, IMP remains elevated during the first 5 min of recovery in the phosphate-deficient group. Even after 5 min of recovery, IMP content is still elevated ninefold above resting levels (9.2±1.5 jmol/g, P = 0.001) in the phosphate-deficient group. IMP content is greater in phosphate-deficient animals than in the control animals at all time points during recovery, with statistical significance reached at the 5-min timepoint (P = 0.001).
AMP content is higher in the phosphate-deficient than in the control group before stimulation (0.15±0.02 vs. 0.09±0.01 gmol/g, P = 0.03), and at the end of stimulation (0.17±0.03 vs. 0.10±0.01 ,umol/g, P = 0.05). During recovery, AMP content tended to be higher in the phosphate-deficient group compared with the control group, but the differences did not reach statistical significance. ADP content is similar in the control (4.9±0.4 ,umol/g) and phosphate-deficient groups (5.1±0.4 smol/g, P = 0.33) before stimulation, and does not change significantly during stimulation and recovery. The inability to detect changes in ADP content during stimulation or to detect differences between the two groups is not surprising, since >90% of the ADP measured in acid extracts of muscle is bound to actin (39) . Consequently, it would be difficult to detect a change in the very small pool of free or unbound ADP.
CP content. CP content of unstimulated muscle is 116±4 gmol/g in the control group, and 113±2 ,umol/ g in the phosphate-deficient group (P = 0.5) (Fig. 3) . With stimulation, CP content decreases by -40% in both groups (control, 73±7 ,mol/g; phosphate-deficient, 67±2 umol/g; P = 0.001 for each group when compared with the resting value for the respective group). During recovery, CP content returns to resting levels in both groups between 5 and 20 min of recovery. This rate of return of CP is similar to that reported by others (25, 26) in rat muscle. No differences in CP content were observed between the two groups at the specific time-points evaluated in this study. Changes in purine nucleoside and base content. Although cytosol 5'-nucleotidase activity is low in skeletal muscle (40) and IMP accumulates in amounts that are almost stoichiometric with the decrease in adenine nucleotides (Fig. 2) , some IMP is hydrolyzed to nu- cleosides and bases. Inosine and hypoxanthine both increase in the samples taken after vigorous muscle contraction. Adenosine was not detectable (<5 nmol/ g) in any muscle sample. In the control group, the resting level of inosine plus hypoxanthine is 167±54 nmol/g, and this sum increases to 374±32 nmol/g after stimulation. During recovery, the inosine plus hypoxanthine content remains elevated at both 5 (352±74 nmol/g) and 20 (601±81 nmol/g) min. In the phosphate-deficient group, the resting level of inosine plus hypoxanthine is 256±68 nmol/g, increases to 520±49 nmol/g with stimulation, and remains elevated at 5 (605±112 nmol/g) and 20 (522±82 nmol/g) min of recovery. The inosine plus hypoxanthine content of the muscle from phosphate-deficient animals is significantly greater than that of the control group at end stimulation (P = 0.05).
DISCUSSION
A comparison of the present study with prior reports suggests that the myopathy associated with phosphate deficiency is a continuum of abnormalities. Models that produce the greatest reductions in serum phosphorous concentration are associated with a more severe myopathy, which is characterized by muscle wasting, weakness with even modest activity, and diminished ATP levels in resting cardiac and skeletal muscle (10, 11, 13, 16, 17, 22) . Even in these severely phosphate-deficient animals, the myopathy is reversible following phosphate supplementation (10, 16) . The model used in this study leads to a more modest reduction in serum and tissue phosphorous concentration. There is no evidence of muscle wasting (body weight/gastrocnemius ratio) or alteration in fiber type (SDH activity of the gastrocnemius) in these animals.
No myopathic findings are demonstrable in resting muscle of these mice, as evidenced by the normal initial peak tetanic tension. However, when maximally stimulated, the gastrocnemius of these phosphate-deficient mice fatigues more rapidly and regains normal contractility more slowly after fatigue. On the basis of these comparisons, we conclude that easy fatigability and delayed recovery of muscle strength following fatigue are early manifestations of the myopathy produced by phosphate deficiency. The biochemical changes produced in skeletal muscle by phosphate deficiency in this study are consistent with the findings noted in cardiac muscle by others (11, 13) and support the hypothesis of a defect in energy metabolism of the myocyte in this condition. Prior studies (11, 13) suggest that energy metabolism of the myocyte may be disrupted at several different stages in phosphate deficiency. Mitochondrial high energy phosphate (ATP) synthesis via oxidative phosphorylation may be defective; transformation of energy generated in the mitochondria into CP for transport to the myofibril may be abnormal; and resynthesis of ATP from CP at the myofibril to supply the energy needed for muscle contraction may be impaired. This chain of events, i.e., the transport of energy from the mitochondria to the myofibril via CP, has been termed the CP shuttle (41, 42) . Results of the present study are most relevant to the first stage, i.e., ATP production in the mitochondria, but the findings do not exclude an abnormality in energy transduction at the myofibril as well.
Evidence from this study that supports a defect in energy production can be summarized as follows: (a) during muscle stimulation, ATP (11, 13) . The defect in ATP synthesis may be a direct consequence of a deficit in intracellular phosphate, since recent data suggest that intracellular phosphate concentration in normal skeletal muscle is not sufficient to provide maximal rates of oxidative phosphorylation (43) .
The times at which muscle samples were taken in the present study were selected with the primary purpose of detecting differences in nucleotide content. Consequently, potential differences in creatine phosphate content of the muscle of the two groups of animals at other time points may have been overlooked. If we assume, however, that the data presented here are representative and that there was no difference in creatine phosphate content between the two groups at any time point, the similar time-courses for depletion and repletion of the creatine phosphate pools in the two groups may be explained by the following postulate. Dislocation of creatine phosphokinase from the mitochondria and myofibrils in skeletal muscle of phosphate-deficient animals, similar to the changes described in cardiac muscle of phosphate-deficient animals (11, 13) , could lead to a defect in both the production (initochondria) and utilization (myofibril) of creatine phosphate. If the reduction in creatine phosphate production were balanced by a reduction in creatine phosphate utilization, this could explain the apparently comparable rates of creatine phosphate depletion during vigorous muscle contraction and repletion during recovery in control and phosphate-deficient animals. This postulate does not exclude differing rates of depletion and repletion of the ATP pools in these two groups of animals, since ATP production by the mitochondria and ATP use by the myofibril need not be the same as that for creatine phosphate production and use at these two sites. This hypothesis, however, needs to be tested in more direct experiments before concluding that the creatine phosphate shuttle is disrupted in the skeletal muscle of phosphate-deficient animals.
In summary, the following conclusions can be drawn from the present study. The temporal correlations between increased susceptibility to muscle fatigue and evidence of decreased ATP synthesis and between slower recovery of normal contractility and evidence for a slower rate of repletion of ATP pools suggests that the physiological abnormalities noted in muscle of hypophosphatemic animals are causally related to the derangements in nucleotide metabolism. Although this study does not rule out other mechanisms, these results do provide support for the hypothesis that a defect in ATP synthesis is in part responsible for the myopathy seen in phosphate deficiency syndromes.
